Interannual and inteldecadal variability of the equatorial Pacific are examined using a new pseudostress dataset. The monthly mean pseudostress fields are derived from Comprehensive Ocean -Atmosphere Data Set (COADS) pseudostresses using climate basis functions obtained from die Rorida Slate University pseudostress product . To validate the new wind fields. a two-tier validation scheme was used. The new wind fields were first examined to see if they exhibited characreristics that have been shown to be important in tenns of exciting El Niiio events. ":..
Introduction
E1 Niiio is cun-ently the most studied feature of global interannual variability. By definition, E1 Niiio is the occun-ence and persistence of anomalously high SST along the coast of Ecuador and Peru. The term E1 Niiio is also used to represent anomalously high sea level and thermocline depression in the eastern Pocific, which is consistent and coincident with SST change (Busalacchi et aI. 1983) . EI Niiio events are also thought to decrease hurricane activity in the Atlantic, increase both droughts in southeast Asia and rainfall in parts of the Americas, and cause many other anomalous weather conditions (Enfield 1992) .
One key to our understanding of this phenomena was documented by Wyrtki (1975) . E1 Niiio was hypothesized to be a response of the equatorial Pacific Ocean to atmospheric forcing. In the tropical Pacific prior to the onset of E1 Niiio, strong trades exist over the central Pacific. These winds drive water toward the western Pacific, increasing the east-west sea level slope. Subsequent, relaxation of the trades then results in a decrease of the east-west sea level slope, accomplished through an equatorial Kelvin wave. Numerical and analytical models by Hurlburt et al. (1976) and McCreary ( 1976) demonstrated that the downwelling associated with this Kelvin wave yields both a depressed thermocline and an increased sea level in the eastern Pacific. This proposed dynamic mechanism for EI Nino was given further credibility when a statistical analysis linked the variability of the zonal component of the southeast trades west of the date line with sea level changes across the Pacific basin (Barnett 1977) .
However, to numerically validate Wyrtki's hypothesis using observed winds, wind fields of sufficient resolution to force an ocean model were necessary. W yrtki and Meyers (1976) produced the first maps of both time-varying winds and wind stress over the Pacific Ocean for 1947-72. This dataset was on a coarse 2°l ongitude by 100 latitude grid that contained many datavoid regions as well as some obvious errors.
The Mesoscale Air-Sea Interaction Group at The Horida State University (FSU) chose to reanalyze the Wyrtki and Meyers wind data (Goldenberg and O'Brien 1981) . The analysis was performed on pseudostress (defined as the wind-velocity vector multiplied by its magnitude), rather than wind speed and direction, in order to produce wind stress fields for forcing ocean models. The three reasons for the reanalysis were I) to eliminate obvious errors in the Wyrtki and Meyers dataset.
2) to yield a finer resolution dataset. suitable for forcing ocean circulation models, and 3) to estimate data in regions void of observations. These ~c wind analyses continue today (Stricherz et al. 1992 ) using National Climatic Data Center (NCDC) global marine surface observations. Busalacchi and 0 'Brien (1981) and Busalacchi et al. (1983) were the first to verify Wyrtki's hypothesis numerically using observed wind fields. They used a shallow water, reduced gravity, linear model on an equatorial beta ({3) plane. The forcing used was an estimate of Pacific wind stress (Stricherz et al. 1992) . The model simulations covered the period January 1961 through December 1978. Model pycnocline depth variations compared with observed sea level at Galapagos Island showed excellent agreement. both in timing and amplitude. This successful simulation of the El Niilo events of 1963, 1965, 1969, 1972, and 1976 confirmed Wyrtki's hypothesis.
Subsequent El Niilo models have been developed by Barnett (1984) , Inoue and O'Brien (1984) , and Zebiak and Cane (1987) for use in forecasting El Niilo occurrences. The basic characteristics of these models are different. even though all three use equatorial Pacific wind information. The models documented in Inoue and O'Brien and Zebiak and Cane are dynamic in nature, while Barnett uses a statistical approach.
Previous modeling efforts have focused on the relatively data-rich period from the 19608 to the present (e.g., Busalacchi and O'Brien 1981; Cane et al. 1986; Kubota and O'Brien 1988) . Bigg and Inoue (1992) , however, ventured into the data-poor period, investigating wind-forced variability in 1935-46. They were able to reasonably replicate observed eastern Pacific acteristics that have been shown to be important in terms of exciting El Nino events. Next, using an equatorial Pacific model (Inoue and O'Brien 1984) , model estimates of tropical Pacific cun-ent and model upperlayer thickness (ULT) variability are then obtained for the period of interest. Historical documentation of El Nino events (Quinn et al. 1987) , spatially averaged sea surface temperature (SST), and equatorial P~ific sea level data are then used to validate the model hindcasts.
Interannual and interdecadal fluctuations in model UL T and the north equatorial countercun-ent (NECC) are also examined and compared with observations. Other uses for this new pseudostress dataset include deriving equatorial Pacific sea surface temperature distributions through the use of an equatorial Pacific model with thermodynamics and examining midlatitude Pacific variability caused by coastal Kelvin waves sea level trends. No one else has attempted to examine wind-forced variability over a time period longer than about 30 yr, the approximate length of the relatively data-rich period from the 19608 to the present.
A pseudostress dataset, which encompasses a longer period than the FSU dataset, would prove invaluable in the examination of tropical Pacific variability. Model simulations of wind-forced equatorial Pacific variability could be conducted over a longer time period than that spanned by the FSU dataset (l966-present), thereby increasing the ability to develop some insight into the low-frequency variability of the ocean-atmosphere system.
In this study, a pseudostress dataset is compiled for the period 1930-89. To validate the new wind fields, a two-tier validation scheme was used. The new wind fields were first examined to see if they exhibited char- to the present and has global spatial coverage. The wind observations in this dataset are compiled from ship data and buoys. Some basic quality control is perfOmled so that duplicates and statistical outliers are removed. The threshold used to determine statistical outliers was 3.5 standard deviations from the median. Monthly mean values are formed and then gridded on a 2° X 2° mesh. The domain of interest covers 2ffi-2~S, 124~-70OW, which includes 2155 grid elements at 2° res0-lution. A plot of available observations over time is shown in Fig. 1 . Between 70% and 80% of the 2° X g rid elements in the domain have at least one observation from 1960 to 1990, tailing off to about 50% by 1950. Prior to 1950, the number of grid elements with observations continues to decrease, with the exception of two surges in the number of observations in the mid1930s and 19408, reaching a value of approximately 20% by 1930 . (e.g., Johnson and O'Brien 1990 Shriver et al. 1991) . Using data assimilation techniques, it would be possible to assimilate observed ocean temperatures into the hindcasted SST field to actually improve the wind set.
The next section discusses the SST, sea level, and pseudostress data used in this research. Section 3 will present the model used. Section 4 will present and discuss the results. The last section is devoted to our conclusions. The FSU pseudostress dataset consists of monthly fields that span the period 1966 to the present. with spatial coverage from 124~ to 700w and 29°S to 29~. The analysis procedure used involves manual contouring and digitization (Stricherz et al. 1992) . The data are then gridded on a 2° X 2° spatial grid. The analyses for the period 1966-80 are based on individual ship reports obtained from COADS. The analyses from 1981 to the present are based on NCDC global marine surface observations. The sea level data used are monthly averages from Galapagos (1960-90) and Truk (1947-84) . Galapagos is located at approximately 0.5°S. 9OOW and Truk is located at 152~. 7 .5~. These two positions are chosen due to their locations on opposite sides of the equatorial Pacific basin. The Galapagos sea level data were provided by K. Wyrtki. and the Truk sea level data were obtained from the Permanent Service for Mean Sea Level (PSMSL) dataset.
c. Sea surface temperature (SST) Using available COADS observations, SST values averaged over dte area 4~-4OS, 150OW-9QOW are formed for the period 1930-89. The definition of El Nino used in this study is dtat of the Japan Meteorological Agency (JMA), which defines EI Niiio as a period over which the 5-mondt nmning mean of SST anomalies averaged over dte previously mentioned area is at least +0.5°C for a minimum of 6 consecutive months (Marine Deparbnent. JMA 1991). The 5-mondt nmning mean of SST anomalies is implemented to smooth possible intraseasonal variations.
The years of El Niiio events as documented in Quinn et al. (1987 Quinn et al. ( ) are 1930 Quinn et al. ( -31, 1932 Quinn et al. ( . 1939 Quinn et al. ( , 1940 Quinn et al. ( -41. 1943 Quinn et al. ( . 1951 Quinn et al. ( , 1953 Quinn et al. ( , 1957 Quinn et al. ( -58, 1965 Quinn et al. ( , 1972 Quinn et al. ( -73, 1976 Quinn et al. ( , 1982 Quinn et al. ( -83. and 1987 . The EI Nino events indicated by the JMA SST anomaly criteria contain all the preceding EI Nino events widt the exception of 1932 and 1953. Inspection of the spatially averaged SST anomalies (Fig. 3) . however. reveals dtat dtere was anomalous wanning in the eastern equatorial Pacific in 1932 and 1953. but dtey were not of sufficient duration and amplitude to satisfy dte JMA criteria. Since this dataset is a good indicator of dte timing and magnitude of EI Nino events, a version of it filtered widt a 12-mondt moving average will be used as a validation dataset in section 4. The 12-mondt moving average is used to highlight the interannual variability in dte SST data.
3) HISTORICAL
This dataset consists of monthly wind fields that span the period 1930-89, with spatial coverage from 124t o 700w and 29°S to 2m. The data are gridded on a 2° X 2° spatial grid. The analysis procedure (Shriver 1993) used to forDl this historical data set use a vector EOF analysis to derive dominant spatial patterns from the FSU Pacific wind stress product These spatial patterns are then used as basis functions to derive pseudostress fields for the period of interest from COADS. The reader is referred to appendix A for a detailed discussion of the technique used to form this dataset Ramage (1987) notes a positive post-WWII trend in the magnitude of the COADS winds, which he attributes to the change in estimating vrocedure and the growing proportion of ships equipped with anemometers. COADS pseudostress anomalies averaged over the area 19~-19°S and 142°E-88OW exhibit a decreasing trend in the zonal anomaly (Fig. 2a) . This decreasing trend in the zonal anomaly results in an increasing trend in the strength of the prevailing easterlies. However, the spatially averaged meridional component of the COADS pseudostress anomalies (Fig. 2b) does not exhibit a pronounced trend. A secular trend such as that noted by Ramage would act to increase the magnitude of the wind observations over time, but the sense of direction would be preserved. Hence, in a region dominated by easterlies such as the tropical Pacific, the observed trend is predominantly zonal. To avoid having this spurious trend distort the low-frequency variability that this wind dataset would excite in an ocean model, the new wind fields are detrended prior to use (see appendix B for a discussion of the technique used).
The detrended EOF-based wind dataset and COADS pseudostress anomalies averaged over the area Im-I~S and 142~-88OW are shown in Figs. 2a,b. The analyzed anomalies preserve the amplitude and timing of the El Nifio/EI Viejo events indicated in the COADS anomalies. The analyzed anomalies are somewhat smoother than the COADS anomalies and there is minimal degradation of the amplitude of the observed anomaly signal. Section 4 will present results from the validation of this wind dataset
Mooel
A nonlinear reduced gravity model in spherical coordinates is used to simulate the variability in the equatorial Pacific Ocean due to wind stress forcing. This type of model has been used successfully in previous studies of tropical Pacific variability (e.g., Busalacchi and O'Brien 1981; Kubota and O'Brien 1988; Bigg and Inoue 1992) . The model consists of one dynamically active layer of a density p and depth h on top of an infinitely deep layer of slightly higher density p + ~p. The interface between these two layers is a proxy of the ocean pycnocline. where cp and (} are the longitude and latitude, respectively; U and V are die 1ranSport in dle east-west and nordlsoudl directions, respectively; H is d1e initial depth of die upper layer; g' = (Api p)g is die reduced gravity; A is a horizontal eddy viscosity crefficient; T = PaC oW I WI is the wind stress; Pa is die air density; Co is a constant drag crefficient; W and I W I are die wind velocity vector and its magnitude, respectively; a is die radius of d1e earth; and n is die angular velocity of rotation of d1e earth.
The temls A ~U and A ~V parameterize die horizontal transfer of momenwm by turbulent eddy processes. Model parameter values used are listed in Table 1 .
Equations (la-c) were integrated over the domain 200S-25~ and 124~-76OW. The equations were discretized using a staggered grid (Arakawa C-grid). At the coastlines, kinematic and no-slip boundary conditions are used. The north and south boundaries are To test the ability of the technique described in appendix A to reliably reconstruct complete pseudostress fields from a limited number of observations, data of several months from the data-rich period (post-I960) were subsampled to simulate months with poor data coverage and then analyzed. The analyzed pseudostress anomalies, which corresponded to the original and subsampled observed fields, were then checked for consistency.
December 1962 is presented as an example. In Fig.  4a the monthly mean COADS pseudostress anomalies (defined to be departures from the FSU pseudostress dataset's monthly climatology) are shown. There were a total of 1545 20 grid elements in the domain of interest that had at least one observation. The monthly mean pseudostress anomalies for December 1962 were then subsampled to resemble the observation spatial distriopen, employing a numerically implemented Sommerfeld radiation condition (see Camerlengo and O'Brien 1980) .8 "etror" of roughly 6%. The etror in anemometer measurements of wind speed from moored buoys is approximately 10% (Hamilton 1990 ). The etror associated with sea state estimates of wind speed and direction are even larger. The COADS wind observations rely heavily on Beaufort estimates of wind speed. particularly toward the beginning of our period of interest (Ramage 1987) . We then find that the wind fields pr0-duced by the technique we used agree with the observations (in an rms sense) as well or better than the percent error associated with the measurements themselves.
bution for December 1934 (Fig. 4b ).1n this example, there were a total of 639 positions with at least one observation in the domain of interest.
The pseudostress anomalies yielded via the analysis procedure described in appendix A for the original and subsampled observed fields for December 1962 are shown in Figs. 5a.b. Root-mean-square differences are calculated between these two fields using the following foIDlula:
To determine how well the analysis scheme reconsbUcted the overall wind fields, a two-tier validation scheme was used:
1) The new wind fields were examined directly. That is, the new wind product was examined to see if it exhibited certain characteristics that have been shown to be importailt in tenDS of exciting E1 Nino events.
2) The new pseudostress dataset was then used to force an ocean model. Interannual fluctuations in UL T and cUn'ents were then examined and compared with observations.
In section 4b ( l) the new pseudostress dataset will be examined to see if it contains features that have been shown to be important in terms of exciting El Nino events. In sections 4b(2) and 4b(3), fluctuations in UL T are investigated at several positions in the domain of interest. In section 4b( 4) fluctuations in the NECC are examined. In all cases, for validation purposes, model output is compared with either observed island sea level or spatially averaged SST anomalies.
1) BOF ANALYSIS OF mE NEW PSEUDOSTRBSS DATASBT
A first approach to validating that the new pseudostress dataset contains sufficient physics to excite an El Nino response consistent with observations is to examine the pseudostress dataset directly. Through numerical simulations (e.g., Busalacchi and O'Brien 1981; Busalacchi et al. 1983; Cane 1984) , it has been shown that the most important aspect of the equatorial Pacific wind field in terms of exciting El Nino events is the zonal component in the equatorial. west-central part of the basin. If an El Nino mode could be isolated within the new pseudostress dataset, we should expect to see a large spatial contribution somewhere near the date line and El Nino-type variations in time. If this El Nino model is not present in the new wind dataset, then the new wind fields would be lacking the dynamics necessary to excite an oceanic El N'liio response consistent with observations. The root-mean-square difference between the COADS anomalies and the analyzed values (Fir. 4a and 5a), respectively, for this month is 2.7 m2 s -. The difference between the analyzed fields of the original and subsaDlpled observations is shown in Fig. Sc . Note the regions of large differences coincide with areas where there were observations in 1962, but not in 1934. The large anomaly band south of the equator in Fig. 5a is significantly weakened and a spurious anomaly is created in the southeast comer of the domain. This exaDlple then demonstrates the capability of the analysis procedure used to produce anomalies that are consistent with the observed COADS anomalies.
The monthly root-Mean-square discrepancy (between analysis and observations) for the period 1930-89 is shown in Fig. 6 . The monthly mean discrepancy shows a downward trend throughout the period, coinciding with an increase in the quantity of observations. The large peak in the discrepancy near 1942 does not have a corresponding large decrease in the percent possible observations during this period (see Fig. 1 ). This large discrepancy during this period may be related to a breakdown of the assumptions made to form this new wind dataset during this time. The upturn in the discrepancy during 1980-89 corresponds to a period where the number of grldpoints with at least one observation decreases by approximately 10%.
The mean discrepancy in Fig. 6 is 3.13 m2 S-2. The mean wind speed over the tropical Pacific is approximately 7 m s -I, or 49 m2 s -2 in pseudostress units. This mean discrepancy would colTespond to a percent . 30N. f-";t,~-r --'tõ~.
.~ """"'" "~-~. 
208
An EOF analysis was performed on the zonal pseudostress anomaly along the equator averaged between 5~ and 50S. The first mode accounts for 41.29% of the variance. The spatial pattern (Fig. 7a) shows a large positive contribution centered near the date line. with an area of negative contribution in the far eastern basin. This pattern is similar to one found by Wang ( 1992) . The time series that modulates Fig.  7a shows oscillations that are consistent with those in the average SST anomalies (Fig. 7b) . The correlation coefficient value for the first mode time series and the average SST anomalies has a maximum value of 0.71, with the first mode time series leading the SST anomalies by 1 month. The peaks in the first mode time series correspond to an increase in the zonal anomaly in the western basin. which would then result in a relaxation or reversal of the zonal component of the trades. This connection between the periods where the trades relax. or reverse and the Warm SSTs is exactly the El Nino mechanism put forth by Wyrtki ( 1975) . It can then be concluded that there is a significant El Nino mode within the new dataset that has features consistent with those that theoretical and numerical simulations suggest we should see.
2) SEA LEVEL COMPARISONS
The next approach used to validate the new pseudostress dataset was to use it to force an ocean model and then compare the model results with observations. A ttaditional dataset used in the validation of a reducedgravity model is observed sea level (e.g., Busalacchi and O'Brien 1981; Busalacchi and Cane 1985; Kubota and O'Brien 1988 ). Examination of d1e sea level data available in the PSMSL dataset shows that d1e equatorial Pacific is extremely lacking in observed sea level data prior to about 1960. The lack of observed sea level prior to 1960 therefore prevents a thorough validation in space and time.
We chose to examine interannual fluctuations in the oceanic response near the equator by considering two locations on opposite ends of d1e equatorial Pacific basin. The two locations used are Galapagos and Truk. The model sea level anomalies were formed by multi- comparison) have had their monthly means removed and were then filtered using a 12-month nmning mean to highlight the interannual variability. The model clearly identifies El Nino events (positive anomalies) in 1963, 1965, 1969, 1972, 1976, 1982, and 1986 . The timing and relative amplitudes of these events are consistent with the El Nino occurrences and strengths documented by Quinn et al. (1987) . The fluctuations in model sea level compare well with those in the observed Galapagos sea level anomalies (r = 0.73). However, the model sea level data exhibits a "climatic shift" in the mid-1970s, which is not present in the observed sea level data. This shift in the model sea level data is evident by noting the sharp increase in the mean model sea level anomaly between the periods 1966-76 and 1976-86 . This climatic shift that the model sea level indicates was also observed in North Pacific sea level pressure and 500-mb heights (Trenberth 1990) . Note also that the cold events (negative anomalies) are also resolved well in temlS of amplitude and timin.g. plying the model UL T anomalies by (~p I p) to get model sea level.
Model sea level fluctuations at a location corresponding to Truk are shown in Fig. 8 . The model sea level fluctuations and observed sea level (plotted for comparison) have had their monthly means removed and were then filtered using a 12-month nmning mean to highlight the interannual variability. The y axes in Fig. 8 have been reversed so that peaks in the curve correspond to El Nino years. Model sea level falls corresponding to the El Nino events of 1957-58, 1963, 1965,1969,1972,1976, and 1982-83 To assess how well this new wind dataset was doing exciting EI Nino events, a separate model nm was done using the FSU dataset as the wind forcing. The idea behind dris nm was to see how well the new dataset did exciting eastern Pacific variability as compared to a case using the FSU dataset as the wind forcing. The FSU dataset was chosen for comparison due to it being die longest (1966-present), most consistently analyzed wind dataset for the tropical P&:ific, which is suitable for model forcing.
The model UL T response compared with observed sea level from Galapagos using the FSU dataset as the wind fcxcing is shown in Fig. lOa The DKldeI sea level anomalies were fomJed by multiplying the model ULT anomalies by ~p.
The area 4~-4°S and 150OW-9OOW is the same area over which the spatially averaged SST anomalies discussed in section 2c were computed. Comparison of the model UL T time series with the spatially averaged SST anomalies from section 2c demonstrates that the model resolved the warm events (positive anomalies) and the cold events (negative anomalies) well, with the exception of the period 1945-49. The disagreement in the period 1945-49 can be explained by the following. As discussed in section 4b ( I ), the region of largest influence for forcing eastern equatorial Pacific sea level variations is found close to the equator in the area around the date line. While looking at the observation distributions over the equatorial Pacific, note the good density of observations in the vicinity of the date line for the period 1940-44 (Fig. 12a ) and 1950-54 (Fig.  12c ). There are almost no observations, however, along the equator for the 5-yr period 1945-49 (Fig.  12b) . The disagreement during the 1945-49 period can then be attributed to extremely poor data coverage in the west -central basin during these 5 yr. The data coverage during this period was so poor in the region of largest influence that the analysis scheme was not able to produce pseudostress fields that contained the necessary physics to excite eastern Pacific variability that was consistent with observations. Two features of note in Fig. 11 are the general warming trend in the SST anomalies between 1950 and 1989 and the climate shift of the mid-I97Os. The wanning trend is evident by noting the increase in the mean av- SST and UL T anomalies suggests that d1is warming trend in the SST anomalies is due to a trend in the wind forcing. The climatic shift of the mid-1970s was previously noted in North Pocific sea level pressure and 500-mb heights and eutem Pacific model sea level anomalies. The shift of the mid-I97Os is also evident in the spatially averaged SST and UL T anomalies depicted in Fig. 11 .
to soudl across the equator. In the model simulation. the NECC shows significant variability about its mean position of approximately 6~ (see Fig. 13 ). This type of meridional variability in the position of die NECC is consistent with observations (e.g.. Metzger et al. 1992 ). To make a single time series to examine fluctuations in the modeled NECC. the zonal transport (m2 s -I) component at this longitude is averaged between 3° and 12~. Interannual fluctuations in the modeled NECC and the spatially averaged SST anomalies from section 2c for 1950-89 are shown in Fig. 14 have a maximum correlation value of r = 0.70, where the NECC anomalies lead the SST anomalies by 5 months. The NECC shows a strengthening during El Nino events, where the relative magnitudes of the NECC fluctuations are indicative of the strength of the event. The enhanced NECC acts to transport warm water eastward during an El Nino event and it relaxes during cold events. Wyrtki (1974) inferred variations in the strength of the NECC by considering observed sea level differences across the currenL The modeled NECC shows fluctuations that are consistent, in terms of amplitude and timing, with the results of Wyrtki. c. lnterdecadal variability A fifth-order Butterworth filter, with a cutoff frequency corresponding to a period of 10 yr, was used to low pass the ULT and SST data in Fig. 11 . The Butterworth filter was chosen due to its magnitude response being maximally fiat in the passband and monotonic overall. The filtered curves are shown in Fig. 15 . The low-passed model ULT exhibits several very interesting features. The model UL T anomalies and the SST anomalies show good qualitative agreement. There are positive anomaly peaks around 1940, 1950, 1958, and 1982 , with a prolonged negative anomaly Global mean land air temperature anomalies (Oceanic Interdecadal Climate Variability 1992) exhibit interdecadal fluctuations that are consistent with those in the eastern Pacific UL T and SST anomalies. This qualitative agreement would suggest that there is a connection between interdecadal flucttiations in both eastern Pacific UL T and global mean land air temperature. This connection is only robust in die Tropics however. as noted in Diu and Kiladis ( 1992) . The tropical WaIming projects onto global mean land air temperature because the Tropics compose approximately one half of the earth. s swf~ area. A connection between El Nino wanning in the b'Opical P~ific and b'Opical mean land temperature bu been previously demonstrated (e.g., Diaz and Kiladis 1992) . The results in this study would suggest that this connection is also valid for interdecada1 timescales and not just for the El Nino-period band (approximately 4-7 yr).
Stronger El Nino events are observed to occur during periods of higher Pacific UL T (for ~~ and longer timescales). The large positive peak near 1940 corresponds to the anomalously WanD climate in the tropical Pacific during the late 19308 and early 19408. This was a highly active period. with three El Nino events happening in this time period (as documented by Quinn et al. 1987) . Also, the positive peaks in the late 19508 and early 19808 coincide with the severe El Nino events of 1957-1958 and 1982-1983, respectively. FIO . II. The SST and UL T anomalies averaged over die area 4"N -4°S. lSOOW -9Q"W. The SST anomalies depicted in this figure identical to those depicted in Fig. 3 . except a 12-month nmning mean is applied to highlight the interannual variability.
Summary and conclusions
Poor data coverage over the world's oceans has greatly limited the period over which wind-forced ocean models can be used in climate studies. Due to intense interest recently in low-frequency climatic variability, a question arises: how far back in time can equatorial Pacific wind fields be compiled that are suitable for model forcing, whereby occurate simulations of the equatorial Pacific can be carried out? Previous modeling efforts have focused on the relatively datarich period from the 1960s to the present (e.g., Busalacchi and O'Brien 1981; Cane et al. 1986; Kubota and O'Brien 1988) . During this period, wind analyses produced at The Florida State University have been shown to excite equatorial Pacific Ocean variability consistent with observations. In this research, a new pseudostress dataset spanning the period 1930-89 was formed, effectively doubling the period over which wind-fon:ed oceanic variability can be examined.
The new pseudosb'eSS dataset was derived from 0b-served COADS pseudostresses. The monthly mean COADS data has 70%-80% coverage during the period 1960-90, but decreases to approximately 20% by 1930 (see Fig. 1 ). The sparse COADS coverage, particularly before 1960, necessitated an objective analysis scheme that incorporated physical constraints to overcome the analysis problems that very sparse data coverage poses.
Dominant spatial patterns for the period 1966-90 were determined through an BOF analysis of the FSU pseudostress product. It was then assumed that these ..5 --
, .
-- The time series that modulates the first mode spatial pattern displayed variability that was consistent with that exhibited by the spatially averaged SST anomalies. It was concluded that this mode was an El Nino mode, possessing features consistent with those which theory and numerical simulations dictate. A shallow water, reduced gravity, nonlinear model was then forced with this new wind dataset and the model response was compared with observations. Observed sea level at Galapagos and Truk were compared with model sea level values corresponding to the same locations, yielding correlation r values of 0.73 and 0.71, respectively. To validate the eastern Pacific response, model UL T anomalies and observed SST anomalies averaged over the area 4~-4°S. 15OOW-9OOW were compared. yielding a correlation coefficient r value of 0.63. The period of 1945-49. however. yields poor agreement.
climate basis function set. COADS pseudostresses, and a technique discussed in appendix A, monthly mean pseudostress fields are obtained for the period of interest .
After compiling the new dataset. the next step was to determine how well the analysis scheme reconstructed the overall wind field This question was answered in two ways: direct examination of the new wind fields and using them to force an ocean model. In both cases, observed data, sea level, and spatially averaged SST anomalies were used for comparison purposes.
Direct examination of the new dataset was done via an BOF analysis. The BOF analysis was done on equatorial zonal pseudostress averaged between 5~ and 50s. The first mode was found to account for 41.29% of the variance. The spatial pattern for this mode showed a large contribution centered near the date line. The poor agreement during 1945 -49 is due to the extremely poor data coverage in the west-central basin during this period. The data coverage was so poor in the region of largest infl.uence during this period that the analysis scheme was not able to produce pseudostress fields that contained the necessary physics to excite eastern Pacific variability which was consistent with observations.
Next. interdecadal variability in eastern Pacific ULT and SST were examined. The low-frequency fluctuations in the UL T and SST data showed good qualitative agreement. Examination of global mean land air temperature showed low-frequency fluctuations that were consistent with those in the UL T data. This qualitative agreement would suggest that there is a connection between interdecadal fluctuations in both eastern Pacific UL T and global mean land air temperature. This connection is only robust in the Tropics however, as noted in Diaz and Kiladis (1992) . It has been previously demonstrated that there is a clear relationship between El Nino wanning in the eastern Pacific and an increase in mean land air temperature in the Tropics. Our results suggest that the connection between eastern Pacific Ocean and mean land air temperature wanning in the Tropics also holds for interdecadal timescales.
Stronger El Nino events are observed to occur during periods of higher Pacific UL T (for decadal and longer timescales). The peaks in low-passed eastern Pacific ULT and SST in 1940, the We next wanted to isolate the statistically significant spatial patterns yielded by the FSU vector EOF analysis. The significant patterns are determined using a statistical test ( Overland and Preisendorfer 1982) . Spatial patterns are determined to not be significant if the eigenvalue corresponding to that spatial pattern is less than one generated from a random dataset. The set of K statistically significant spatial patterns (K = 40) will then be referred to as the climate basis functions set. The percent variances accounted for by the first 40 eigenmodes are shown in Table AI . The percent variances range from a high of9.18% for mode I to 0.51 % for mode 40. In an EOFanalysis it is desirable to have a large portion of the variance accounted for by the first few eigenmodes. thereby increasing the likelihood that the most significant eigenmodes are physically meaningful. In this case, the first three eigenmodes account for less than 24% of the variance and there are not large differences in the variance accounted for between adjacent eigenmodes. Since it is difficult to distinguish physically the meaning of a given eigenmode in cases where the percent variances are close together, spatial patterns and time series will not be shown.
The climate basis functions set. along with COADS winds, can now be used to detennine complete wind fields for the years prior to 1966. Let the complex matrix T represent the COADS data. Since the climate basis functions were derived from wind fields where the monthly climatology was removed, the monthly climatology must also be removed fromT.
The calculation of a monthly climatology from T for the period 1930-89 would produce a product where the representativeness would vary due to spatial and m)2 is defined as the (x -Xo)2 distance in which aCf2, for fixedy and m, decreases to e-'. Anyacfvalues less than e-2 are set to zero.
The algorithm used for the scan is as follows: at first we calculate T(Xo, Yo, t) = }::, }::, acf (x, y, m; Xo, Yo) .r y x nobs(x, y, t)T(x, y, I), (AI) where T(x, y, t) is the COADS observation and nobs(x, y, t) is the number of observations at position (x, y) and time t. After one pass of the entire data set, t is then smoothed in time at each spatial position using one 1/4 -1/2 -1/4 weighting Hanning pass.
The desired pseudostress product can be represented as a superposition of the climate basis functions by the following:
temporal variations in the distribution of observations. The FSU monthly climatology is another dataset that could be used to demean T. However, the use of the FSU climatology to demean the COADS data is equivalent to stating that the climatology has not changed significantly over the equatorial Pacific.
The idea that climatology over the equatorial Pacific hasn't changed significantly over the period 1930-89 is certainly a nontrivial assumption. A two-tailed t test was used, using 95% confidence limits, to see if the null hypothesis that the FSU climatology was the correct climatology for 1930-89 could be rejected. If the FSU climatology is the proper climatology for the period of interest. then an alternative statement of the null hypothesis would be that the monthly mean COADS departures from the FSU climatology are zero. The alternative null hypothesis is what was actually tested. Approximately 85% of the time the null hypothesis could not be rejected. The FSU climatology is then used to demean the COADS data.
A variation of Cressman's (1959) objective analysis scheme is first applied to the COADS anomalies to smooth the values at positions with data and to interpolate values (if possible) at positions without data. As originally put forth, the weights for this scheme are radially symmetric. In the equatorial Pacific, east-west length scales are longer than north-south scales (e.g., Kubota and O'Brien 1988) ; therefore it is expected that the weight contours should resemble ellipses, not circles.
The weights are determined as follows: using the FSU dataset. where the monthly means have been removed, vector autocolTelations r2 are calculated first for each north-south transect for each month, yielding an autocolTelation matrix acfl (x,ylag, t), where x is the longitudinal grid position, ylag is the north-south lag, and t is the time index. The same is then done for each east-west transect yielding a matrix ~f2(y,x1ag, t), where xlag is the east -west lag and y corresponds to the latitudinal grid position. The functions ~fl and acf2 are then averaged to yield monthly average auto-"'-"'-correlation matrices acfl (x, ylag, m) and acf2(y ,xlag, m), where m = 1,2, ..., 12 (January, February,..., December). We then define a weight matrix acf as follows:
acf(x. y. m;:xo. Yo) = exp [-where .: to and Yo COn'eSpond to the position where either an existing value is being smoothed or a value is being interpolated, and x and y correspond to some neighboring position. The e-folding matrix ~(x, m)2 is defined as the (y -YO)2 distance in which aCfl, for fixed x and m, decreases to e-i. The e-folding matrix 'Y(y,
where Y is a complex column vector of length 2155 ( spatial positi8llS) , representing a complete wind field. The complex matrix Z is a 2155 (spatial position) by K (number of spatial patterns) matrix, where the column vectors of Z constitute the set of climate basis functions. The complex column vector a contains the K unknown modulation coefficients. Note that the pr0-cedure used is done for a particular month t and that each monthly wind field Y is solved for independently. Next. we need to determine a solution for a. Determining the discrepancy between (A2 ) and W is straightforward. The column vector W is of length 2155 (spatial positions) and has the values yielded by (A 1 ) for a month t mapped into it. Weights related to the number of observations at a given point can also be incorporated. This leads to the following discrepancy sum, which we would want to minimize: D= IHW-HbI, 
where Ws represents the COADS observation at position s, Ys is the analyzed anomaly at position s yielded by (A7), and k's is equal to I if there is a COADS observation at that position s or 0 otherwise.
2 n .
where \II denotes the x-y subdomain encompassing the region 19~-1~S and 142~-88OW. s and t denote space and time indices. n denotes the number of spatial positions in \II. and Dx(t) and Dy(t) represent the zonal and meridional components of w spatially averaged over \II. This subdomain was chosen to focus the detrending on the interior tropical Pacific, the key atmospheric forcing region for our area of interest. Note Dx(t) and Dy(t) are functions of time only, spanning the period January 1945 (month 181) to December 1989 (month 720). where mx and bx are the slope and y intercept COITesponding to Dx(t), my and by are the slope and y intercept colTeSponding to Dy(t), t = 181, 182, . . . , 720 (January 1945 , February 1945 , . . ., December 1989 . The slopes for the zonal and meridional stress components are -4.67 X 10-2 m2 S-2 month-I and 3.50 X 10-:1 m2 S-2 month-I, respectively. The y intercept values for the zonal and meridional stress components are 14.66 m2 S-2 and -1.89 m2 S-2, respectively. where fI = H*~. The square matrix fI is a diagonal matrix with weights a; on the diagonal. The optimal solution vector a can be expressed as a = (z*TflZ)-IZ*TflW.
Through the minimization of (A3 ), we can solve for the time coefficients a that modulate each of the climate basis functions Zs,k for the month(s) of interest. Using ( A2) we then obtain pseudostress fields. Note that because of the assumptions that were made about the equatorial Pacific wind field, the task of forming complete wind pictures reduces to solving a weighted least squares problem.
A complex form of the Gram-Schmidt method (Strang 1986) is used in order to solve (A4) for the optimal solution vector a. This technique is used as an alternative way to solve for a without having to invert a matrix. Now applying the Gram-Schmidt method to this case, we first transform the matrix Z into a new matrix Z' such that product of any two column vectors Z j and .~ Zk, which are thejth and kth columns ofZ', satisfies the following product rule:
(Zj, Zk) = ZjTflzk*'
where the result is equal to 1 if j = k or 0 otherwise. Next, we then take the complex conjugate of both sides ofEq. (A4), yielding z'TflZ'*a* = z'TflW*
noting that fI * = fI, since all of the elements of fI are real. Recognizing that (Z'TflZ'*)j.k = (Zj,Zk) = OJ.k.
where the notation ~.k refers to the element of array X at position (j, k), z' Tflz ' * is therefore the identity matrix. We then obtain the following solution for a from (A6) (after taking the conjugate of both sides), a = Z'*TflW.
So the new wind field Yexpressed in terms of Z' is Y = Z'a.
Finally, to correct for any biases the analysis scheme may have introduced in Yand to preserve the amplitude of the COADS observations, the following procedure was used:
I) The ratio of the average amplitude of the COADS anomalies to the ~alyzed anomalies is first formed as follows: s k WsP.. where t = 1,2, . . " ISO (January 193O, February 1930 , . . ., December 1944 .
